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The vertebrate lens provides an in vivo model to study the molecular mechanisms by which growth factors in¯uence
development decisions. In this study, we have investigated the expression patterns of platelet-derived growth factor (PDGF)
and PDGF receptors during murine eye development by in situ hybridization. Postnatally, PDGF-A is highly expressed in
the iris and ciliary body, the ocular tissues closest to the germinative zone of the lens, a region where most proliferation
of lens epithelial cells occurs. PDGF-A is also present in the corneal endothelium anterior to the lens epithelium in
embryonic and early postnatal eyes. PDGF-B is expressed in the iris and ciliary body as well as in the vascular cells which
surround the lens during early eye development. In the lens, expression of PDGF-a receptor (PDGF-aR), a receptor that
can bind both PDGF-A and PDGF-B, is restricted to the lens epithelium throughout life. The expression of PDGF-aR in
the lens epithelial cells and PDGF (A- and B-chains) in the ocular tissues adjacent to the lens suggests that PDGF signaling
may play a key role in regulating lens development. To further examine how PDGF affects lens development in vivo, we
generated transgenic mice that express human PDGF-A in the lens under the control of the aA-crystallin promoter. The
transgenic mice exhibit lenticular defects that result in cataracts. The percentage of surface epithelial cells in S-phase is
increased in transgenic lenses compared to their nontransgenic littermates. Higher than normal levels of cyclin A and
cyclin D2 expression were also detected in transgenic lens epithelium. These results together suggest that PDGF-A can
induce a proliferative response in lens epithelial cells. The lens epithelial cells in the transgenic mice also exhibit character-
istics of differentiating ®ber cells. For example, the transgenic lens epithelial cells are slightly elongated, contain larger
and less condensed nuclei, and express ®ber-cell-speci®c b-crystallins. Our results suggest that PDGF-A normally acts as
a proliferative factor for the lens epithelial cells in vivo. Elevated levels of PDGF-A enhance proliferation, but also appear
to induce some aspects of the ®ber cell differentiation pathway. q 1996 Academic Press, Inc.
INTRODUCTION crystallins, and by eventual loss of subcellular organelles
including the nucleus during the late stages of maturation.
The normal architecture of the lens is dependent on theThe vertebrate lens provides a model system for studying
precise spatial regulation of cell proliferation and differenti-environmental factors that regulate proliferation and differ-
ation.entiation. The lens is composed of two populations of cells
It has been proposed that lens morphogenesis and growth(see Fig. 1). The anterior surface is covered by a monolayer
are regulated by environmental signals that are present inof cuboidal epithelial cells and the remainder of the cells
the vitreous and aqueous humors (Piatigorsky, 1981; Mc-in the lens are ®ber cells. During lens growth, the peripheral
Avoy and Chamberlain, 1990). In lens inversion experi-epithelial cells proliferate anterior to the lens equator and
ments, when the lens is rotated 1807 so that the lens epithe-then differentiate into lens ®ber cells at the lens equator.
lium faces the vitreous, the anterior epithelial cells elongateFiber cell differentiation is accompanied by cessation of
and differentiate into ®ber cells (Coulombre and Cou-DNA replication and of cell division, by cell elongation, by
lombre, 1963; Yamamoto, 1976). This experiment suggestssynthesis of ®ber cell-speci®c proteins such as b- and g-
that differentiation of lens epithelial cells into ®ber cells
may be induced by a differentiation factor(s) present in the
vitreous ¯uid. Accumulating evidence indicates that FGF1 To whom correspondence should be addressed at Department
molecules may be responsible for the induction of lens cellof Cell Biology, Baylor College of Medicine, One Baylor Plaza,
differentiation. For example, FGFs can induce lens ®ber dif-Houston, TX 77030. Fax: (713) 790-1275. E-mail: lreneker@condor.
bcm.tmc.edu. ferentiation both in lens epithelial explants (McAvoy et al.,
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defects (Morrison-Graham et al., 1992), further implying
that PDGF signaling is essential for normal lens develop-
ment.
To further assess the role of PDGF in lens development
in vivo, we examined the expression patterns of endogenous
PDGF (both A- and B-chains) and PDGF-aR during mouse
eye development. We also generated transgenic mice that
overexpress human PDGF-A in the lens under the control
of a lens-speci®c aA-crystallin promoter to assess the in
vivo effects of excess PDGF-A on lens development.
MATERIALS AND METHODS
Generation of PDGF-A Transgenic Mice
Generation and identi®cation of the PDGF-A transgenic mice
have been described in detail in an earlier study (Reneker and Over-
beek, 1996). In brief, an approximately 900-bp human PDGF-A
cDNA fragment (LaRochelle et al., 1991) was inserted into the
FIG. 1. Schematic drawing of a rodent eye. The epithelial cells polylinker site of the aA-crystallin promoter vector (CPV2) to ob-
cover the anterior surface of the lens and the elongated ®ber cells tain lens-speci®c expression of PDGF-A. This promoter has been
compose the bulk of the lens. The lens is contained within a base- shown to direct lens-speci®c transgene expression (Robinson et al.,
ment membrane, the lens capsule, and is bathed anteriorly by the 1995; Reneker et al., 1995). An approximately 2-kb DNA fragment
aqueous humor and posteriorly by the vitreous humor. Prolifera- was released from the plasmid hPDGFA/CPV2 and puri®ed by agar-
tion in the lens occurs largely in the peripheral epithelial cells at ose electrophoresis for microinjection. Transgenic mice were iden-
the germinative zone (indicated by asterisks) and morphological ti®ed by polymerase chain reaction (PCR) using genomic DNA
differentiation into lens ®ber cells initiates at the transitional zone. isolated from mouse tails (Reneker et al., 1995).
The ®gure is adapted and modi®ed from Schulz et al. (1993).
Histology and Immunohistochemistry
1991) and in transgenic mice (Robinson et al., 1995). The
Embryonic heads or postnatal eyes used in this study were ®xeddistribution of FGF immunoreactivity in the ocular media
in 10% neutral-buffered formalin overnight at room temperature,and lens (de Iongh and McAvoy, 1993; Lovicu and McAvoy,
dehydrated, and embedded in paraf®n. Sections at 5 mm were1993; Schulz et al., 1993) further supports the hypothesis
stained with hematoxylin and eosin.that FGF in the eye plays an important role in lens develop-
Incorporation of 5-bromo-2*-deoxyuridine (BrdU) was analyzed
ment. by immunohistochemistry as described by Fromm et al. (1994).
Although FGF has been shown to be capable of inducing Pregnant females or 4-day-old (P4) pups were injected with BrdU
lens epithelial cell proliferation, migration, and differentia- and sacri®ced 1 hr later. Embryonic Day 16 (E16) embryo heads or
tion in a concentration-dependent manner (McAvoy and P4 eyes were removed and processed for BrdU immunohistochem-
Chamberlain, 1989), it is still unclear whether FGF mole- istry. For detection of b-crystallin expression in the lens, immuno-
staining was performed using an avidin±biotin±peroxidase conju-cules are the only factors in the eye that control lens polar-
gate (Vector Laboratories, kit PK-4001) as described previouslyity and growth during development. Platelet-derived growth
(Robinson et al., 1995). Rabbit anti-bovine b-crystallin antiserumfactor (PDGF) may also be involved in lens growth and de-
was used at 1:500 dilution with a 2-hr incubation at room tempera-velopment. PDGF is a disul®de-linked dimer of two sub-
ture. Peroxidase activity was visualized with the diaminobenzi-units (A- and B-chains) with a structure of AA, AB, or BB
dine-H2O2 reagent (Vector Laboratories, kit SK-4100). Sections were(Bowen-Pope et al., 1991). Brewitt and Clark (1988) demon-
counterstained with hematoxylin.
strated that PDGF is required to maintain lens transparency
and growth in organ culture. PDGF can sustain cell prolifer-
ation of cultured Embryonic Day 6 (E6) chicken lens epithe-
In Situ hybridizationlial cells (Potts et al., 1994). The expression of one of the
PDGF receptors (PDGF-aR) can be detected in the lens as
The expression patterns of endogenous mouse PDGF-A, PDGF-
early as E11.5 (Schatteman et al., 1992) and is restricted to B, and PDGF-aR were examined by in situ hybridizations using
the lens epithelium throughout the life cycle (Potts et al., [35S]UTP-labeled riboprobes as described previously (Reneker and
1994; Mudhar et al., 1993). Interestingly, mouse embryos Overbeek, 1996). Riboprobes for endogenous mouse cyclin A and
homozygous for the Patch mutation (which includes a dele- cyclin D2 were prepared as described by Fromm and Overbeek
(1996).tion in PDGF-aR) develop eye abnormalities including lens
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FIG. 2. In situ hybridization to PDGF-A mRNA. Eyes of E16 (A,B) and P7 (C,D) FVB/N nontransgenic mice were hybridized with a
mouse PDGF-A probe. Sections are displayed with bright-®eld (A,C) and dark-®eld (B,D) illumination. In E16 eyes, high levels of PDGF-
A mRNA are found at the anterior of the optic cup (B, long arrow). (B) PDGF-A mRNA is also expressed by corneal endothelium
(arrowheads), corneal epithelium (open arrow), eyelid epithelium (short arrows), hair follicles in eyelid folds (asterisk), and lacrimal gland.
(D) In P7 eyes, PDGF-A is expressed in the corneal endothelium (arrowheads) and in the iris epithelium and ciliary body (arrows). Lens
cells at the equatorial region also express PDGF-A (curved arrow). In all of the ®gures, the eyes are oriented so that the anterior surface
of the lens is toward the top of the ®gure. The semicircular haze in the dark-®eld image of the P7 lens is artifactual. Abbreviations: EL,
eyelid; C, cornea; I, iris; CB, ciliary body; R, retina; L, lens; LG, lacrimal gland. Scale bars, 100 mm.
A mRNA is present in many ectodermally derived ocularRESULTS
tissues, such as the palpebral conjunctiva (the inner sur-
face of eyelid), outer eyelid epithelium (Fig. 2B, short
Expression of Endogenous PDGF and PDGF-aR
arrows), hair follicles in the eyelid (Fig. 2B, asterisk), cor-during Eye Development
neal epithelium (Figs. 2A and 2B, open arrows), and lacri-
mal gland (Fig. 2A, LG). PDGF-A mRNA was also detectedThe spatial and temporal distributions of PDGF-A and
in retinal pigment epithelium (rpe) and periocular mus-PDGF-B mRNA were examined by in situ hybridizations
cles (not shown). In P7 eyes, PDGF-A is mainly expressedto ocular histology sections from nontransgenic FVB/N
in the iris epithelium and ciliary body (Fig. 2D, arrows)mice at different developmental stages. Representative
and in the corneal endothelium (Fig. 2D, arrowheads). Aresults for PDGF-A from E16 and P7 eyes are shown in
low level of PDGF-A mRNA was detected in the lens cellsFig. 2. In E16 eyes, PDGF-A is expressed at the anterior
near the transitional zone (Fig. 2D, curved arrow). PDGF-margin of the retina, that is, the presumptive ciliary and
A mRNA was also found in rpe and in periocular tissuesiridial region (Fig. 2B, long arrow). PDGF-A is also ex-
at a low level. The expression of PDGF-A in the iris epi-pressed in the primitive corneal endothelial cells that are
thelium persists at all ages examined while the PDGF-Alocated anterior to the lens epithelium across the anterior
mRNA was not detected in other ocular tissues in adultchamber (Fig. 2B, arrowheads). Most of the cells of the
eyes (data not shown).lens appear to express low, but detectable, levels of PDGF-
A mRNA at E16 (Figs. 2A and 2B). Additionally, PDGF- Expression of PDGF-B was found to be associated with
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FIG. 3. In situ hybridization to PDGF-B mRNA. A newborn eye of an FVB/N nontransgenic mouse was hybridized to a probe for PDGF-
B. One section is shown with bright-®eld (A) and dark-®eld (B) illumination. PDGF-B is expressed in the vascular cells surrounding the
lens (B, straight arrows). PDGF-B is also found in the vascular tissues of the presumptive iris, ciliary body (B, curved arrow), and choroid.
Scale bar, 100 mm.
the development of the ocular vasculature systems (Fig. nal astrocytes, the cells on the inner surface of the retina,
express high levels of PDGF-aR mRNA.3). For example, PDGF-B mRNA was detected in the blood
vessels of the tunica vasculosa lentis, the branch of the
hyaloid vasculature adjacent to the lens (Fig. 3B, arrows).
Histological Analysis of the Lenticular Defects inPDGF-B is also present in the vascular tissues of the prim-
PDGF-A Transgenic Miceitive iris, ciliary body (Fig. 3B, curved arrow), and choroid.
The expression pattern of PDGF-aR was also analyzed Three transgenic families designated OVE460, 486, and
by in situ hybridization at different developmental stages 487 were established by microinjection of a construct with
(Fig. 4). In the lens, PDGF-aR mRNA is restricted to the the lens-speci®c aA-crystallin promoter linked to a human
lens epithelium at all the ages examined (Figs. 4B and PDGF-A cDNA. Transgenic mice in each family exhibit
4D, arrows). At E15 PDGF-aR is expressed in the entire ocular abnormalities including lenticular defects which re-
epithelium. In P7 lens the level of PDGF-aR mRNA in sult in cataracts. When newborn lenses were removed and
epithelium is slightly higher at the periphery than at the examined by dissecting microscopy, anterior subcapsular
central region (Fig. 4D). As the lens develops, the expres- cataracts were visible in the transgenic lenses. Transgenic
sion becomes more localized to the proliferating epithe- lenses were slightly larger than those from littermate con-
lial cells at the germinative zone. PDGF-aR mRNA can trol mice. In an earlier study (Reneker and Overbeek, 1996),
be detected only in the peripheral epithelium in adult we demonstrated that, at E15, the PDGF-A transgene is
lenses (not shown). A similar developmental change in expressed exclusively in the lens. Representative eye histol-
PDGF-aR distribution in epithelium has been previously ogy for transgenic line OVE460 is shown in Fig. 5. At E15,
reported in chick lens by Potts et al. (1994). In addition transgenic lenses contain an abnormal accumulation of
to lens epithelium, PDGF-aR mRNA is highly expressed cells underlying the epithelium (compare Figs. 5B and 5D
in the mesenchymal cells of the eyelid folds, corneal to 5A and 5C). In addition, the lens epithelium in the
stroma, and periocular tissues in the E15 eyes (Fig. 4B). transgenic eye is multilayered and the epithelial cell nuclei
A low level of PDGF-aR mRNA was detected in the cor- appears to be less condensed than normal (Fig. 5D). Some
of the developmental changes also occur in ocular tissuesnea, iris, and periocular tissues in P7 eyes (Fig. 4D). Reti-
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FIG. 4. In situ hybridization to PDGF-aR mRNA. E15 (A,B) and P7 (C,D) eyes of FVB/N nontransgenic mice were hybridized to a mouse
cDNA clone of PDGF-aR. Sections are displayed with bright-®eld (A,C) and dark-®eld (B,D) illumination. In the lens, PDGF-aR expression
is restricted to the lens epithelium (arrows) in E15 and P7 eyes. The haze in the dark-®eld image of the P7 lens (D) is artifactual.
Abbreviations are the same as for Fig. 2. except for ep, lens epithelial cells; ®, lens ®ber cells. Scale bars, 100 mm.
anterior to the lens that express PDGF-aR. For instance, Proliferation of the Lens Epithelial Cells in PDGF-
A Transgenic Micecorneal stroma is thicker and expanded, and eyelid closure
is delayed (compare Figs. 5B, 6B, and 9B to 5A, 6A, and 9A).
In order to assay for enhanced DNA replication in lensIn newborn transgenic lenses (Figs. 5F and 5H), the cells in
epithelial cells of PDGF-A transgenic mice, we comparedthe anterior portion of the lens form two distinctive popula-
BrdU incorporation in nontransgenic and transgenic lensestions, a monolayer of surface epithelial cells (Fig. 5H, ep)
(Fig. 6). In nontransgenic lenses, BrdU-labeled cells are scat-and a region of underlying subepithelial cells (Fig. 5H, sub
tered throughout the lens epithelium, but are most preva-ep). The subepithelial region correlates with the cataracts
lent in the germinative zone (Figs. 6A and 6C). The numberwe observed in newborn transgenic lenses. The surface epi-
of BrdU-labeled cells at the surface epithelium is increasedthelial cells in contact with the lens capsule are slightly
in the transgenic lenses (Figs. 6B and 6D), and the S-phaseelongated and contain elongated cell nuclei. The cells in
cells are localized more uniformly throughout the epithe-the subepithelial zone contain larger and less condensed
lium. We calculated the percentage of epithelial cells whichnuclei and have an increased cell volume (Figs. 5F and 5H).
are positive for BrdU incorporation at E16. On 22 sectionsIn situ hybridization using the mouse PDGF-aR probe
from four nontransgenic lenses, the average number of epi-showed that the surface epithelial cells in the transgenic
thelial cells per lens was 163 { 12 (SD), of which 19.9 {lenses express PDGF-aR, while the cells in the subepithelial
2.8% (SD) were BrdU-positive. On 17 sections from threezone do not (data not shown). Eventually the cells in the
transgenic lenses, the average number of surface lens epithe-subepithelial zone appear to degenerate, as vacuoles are evi-
lial cells per lens was 222 { 10, of which 27.0 { 3.8%dent in this region at P14. In addition, ®ber cells in the
were BrdU-labeled. The increase in BrdU incorporation wascenter of the transgenic lenses still contain nuclei, indicat-
ing a defect in denucleation. statistically signi®cant (P  0.001, t test). Therefore, in the
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FIG. 5. Transgenic histology. Histology of eyes from nontransgenic mice (A,C,E,G) and transgenic mice of line OVE460 (B,D,F,H) at E15
(A±D) and P0 (E±H) is shown. The boxed regions of the lenses in (A,B,E,F) are shown at higher magni®cation in (C,D,G,H), respectively.
At E15 extra cells are present underneath the epithelial cells in the lenses of the transgenic mice (B,D). In lenses of newborn transgenic
mice (F,H), two distinctive populations of cells are present at the anterior of the lens: the epithelial cells at the anterior surface (ep) and
cells in a subepithelial zone (sub ep). The surface lens epithelial cells in transgenic mice are slightly elongated and contain larger nuclei
compared to nontransgenic littermates (compare G and H). Scale bars, 100 mm.
PDGF-A transgenic lenses, the number of surface epithelial To support our ®nding that PDGF-A can induce lens epi-
thelial cells to enter the cell cycle, we compared cyclin Acells per lens is increased, and the fraction of these cells in
S-phase is also higher, suggesting that elevated PDGF-A expression in the lenses of transgenic mice and their non-
transgenic littermates (Fig. 7). Cyclin A is expressed in pro-expression in the lens can induce a proliferative response
in the lens epithelial cells. The cells in the subepithelial liferating cells during S- and G2-phases of the cell cycle
(Sherr, 1994). In newborn lenses, cyclin A expression in bothregion are rarely labeled with BrdU. This result is consistent
with the observation that PDGF-aR expression is turned nontransgenic and transgenic mice is restricted to the lens
epithelial cells (Figs. 7A and 7B, arrows). However, moreoff in these cells.
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cyclin A expressing cells are found in the transgenic lens to decrease slightly, but b-crystallins are clearly present in
the surface epithelial and in the subepithelial cells (Figs. 9F(compare Figs. 7B and 7A). At P7, cyclin A expression is
present only in a few peripheral epithelial cells in non- and 9H, arrows in H). These results suggest that elevated
levels of PDGF-A in the eye can induce some aspects oftransgenic lenses (Fig. 7C, arrows). In contrast, cyclin A
expressing cells are found across the anterior surface epithe- ®ber cell differentiation in lens epithelial cells.
lium of the transgenic lenses (Fig. 7D, arrows). Cyclin A
was not detected in the subepithelial cells in the transgenic
lenses. DISCUSSION
Due to the fact that D-type cyclin synthesis can be in-
duced by growth factor stimulation (Sherr, 1994), we com- The normal development of the lens is dependent on the
pared the expression of cyclin D2 in the lens epithelium of proliferation of lens epithelial cells and their differentiation
nontransgenic and transgenic mice (Fig. 8). In P7 non- into ®ber cells near the lens equator (Fig.1). During early
transgenic lenses, while the expression of cyclin D2 can be lens development, cell division occurs across the entire an-
detected in the anterior epithelium, the highest level of terior lens epithelium (Persons and Modak, 1970) (also see
cyclin D2 mRNA is present near the lens equator at the Fig. 6A). It has been suggested that the anterior segment of
transitional zone (Fig. 8B, open arrow). Cyclin D2 mRNA the embryonic eye may contain a mitogen which is respon-
is also present in the early stages of ®ber cell differentiation sible for maintaining the high rate of cell division observed
(posterior to the open arrow in Fig. 8B). In transgenic lenses in the lens epithelium (Hyatt and Beebe, 1993). Our in situ
of the same age (P7), cyclin D2 mRNA is distributed uni- hybridization studies (Fig. 2) show that PDGF-A is ex-
formly across the anterior lens epithelium (Figs. 8C and pressed by the cells and tissues of the anterior segment.
8D), suggesting that elevated levels of PDGF-A in the eye PDGF-A mRNA is expressed in the presumptive ciliary and
up-regulate the expression of cyclin D2 in lens epithelial iridial regions of the embryonic eye. It is also present in the
cells. primitive corneal endothelium and in the lens. It has been
shown that PDGF-A can be readily secreted by cells (LaRo-
chelle et al., 1991). Therefore it could be released into theDifferentiation of the Lens Epithelium in PDGF-A
anterior chamber, stimulating the PDGF-aR (expressed uni-Transgenic Mice
formly in lens epithelium) to induce lens cell proliferation.
At later stages of lens development, cell division occursThe lenticular histology in the transgenic mice showed
that the anterior lens epithelial cells were slightly elon- mostly in the peripheral lens epithelial cells of the germina-
tive zone (see Fig.1). This pattern of proliferation coincidesgated, had larger and less condensed nuclei, and increased
their cell volume (Fig. 5). In addition the anterior epithelial with spatial changes in the expression patterns of PDGF-A
and PDGF-aR mRNA. After P14 PDGF-aR mRNA iscells in the transgenic lenses express high levels of cyclin
D2, a feature of normal lens cells at the equatorial region mostly con®ned to the peripheral epithelial cells and PDGF-
A mRNA is present in the iris and ciliary body. The decreasewhere ®ber cell differentiation begins. Therefore, the epi-
thelial cells in the PDGF-A transgenic lenses exhibit charac- of PDGF-aR expression in the central epithelium has been
described previously in chicken lenses (Potts et al., 1994).teristics consistent with the early stages of ®ber cell differ-
entiation. To determine if overexpression of PDGF-A in- Although we have not assayed for the patterns and levels
of protein expression in mouse eyes, the correlative patternsduces other molecular changes characteristic of ®ber cell
differentiation, we examined the expression of ®ber cell- of mRNA expression suggest that PDGF may play an essen-
tial role in regulation of lens cell proliferation.speci®c b-crystallins. In both E15 and newborn non-
transgenic lenses, b-crystallins are absent in the epithelium PDGF is known to be an inducer of cell proliferation in
many different systems (Ross et al., 1986; Pringle et al.,and are detected only in the ®ber cells (Figs. 9A, 9C, 9E,
and 9G). In E15 transgenic lenses, b-crystallins are found 1989). PDGF can stimulate cell division in several ocular
tissues including cultured lens cells (Hoppenreijs et al.,in the ®ber cells, but also in some of the lens epithelial
cells (Figs. 9B and 9D, arrow in D). In newborn transgenic 1993; Potts et al., 1994). In this study, we provide in vivo
evidence that elevated expression of PDGF in the eye canlenses, expression of b-crystallins in the ®ber cells appears
FIG. 6. Incorporation of BrdU. E16 (A,B) and P4 (C,D) eyes of nontransgenic (A,C) or transgenic (B,D) mice of line OVE460 were assayed
for BrdU incorporation. Cells that are BrdU-labeled show dark brown staining in their nuclei (arrows). The black color in the iris and
ciliary body in the P4 eyes (C,D) is normal melanotic pigmentation because one of the parents was a nontransgenic C57BL/6 mouse. In
the transgenic lenses, the anterior epithelium contains more BrdU-labeled cells. Scale bars, 100 mm.
FIG. 9. Induction of b-crystallins. E15 (A±D) and newborn (E±H) lenses of nontransgenic (A,C,E,G) or transgenic (B,D,F,H) mice were
assayed for b-crystallin expression by immunohistochemistry. High magni®cations of the anterior regions of the lenses are shown in
(C,D,G,H). In nontransgenic eyes b-crystallins (brown staining) are present only in the lens ®ber cells, not in the lens epithelium. In
transgenic eyes b-crystallins are expressed in the surface lens epithelial cells and in the subepithelial cells. Scale bars, 50 mm.
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FIG. 7. Expression of cyclin A mRNA. Newborn (A,B) and P7 (C,D) lenses of pigmented nontransgenic (A,C) or transgenic (B,D) mice of
line OVE487 were hybridized to a mouse probe for cyclin A2. Sections are displayed in dark-®eld illumination. Examples of cyclin A-
expressing cells are indicated by the arrows. The bright images of the iris are due to light scattering by the melanin granules in the
pigmented epithelium. Abbreviations: C, cornea; L, lens; I, iris. Scale bars, 100 mm.
enhance cell proliferation in the lens. The transgenic lenses Although overexpression of PDGF in the lens enhances cell
proliferation in lens epithelium, we have also observed anhave an increased number of anterior epithelial cells (Fig.
5). BrdU incorporation assays (Fig. 6) and changes in the unexpected differentiation response by the anterior epithelial
cells (Figs. 5 and 9). In E15 transgenic lenses, the surface epi-expression patterns of the cyclins in the lens (Figs. 7 and 8)
further support our hypothesis that PDGF can stimulate thelial cells exhibit properties of differentiating ®ber cells. For
example, the anterior epithelial cells are slightly elongatedcell proliferation by inducing more lens epithelial cells to
enter the cell cycle. and express ®ber-cell-speci®c b-crystallins. By birth, there are
two distinctive populations of cells in the anterior portion ofThe hypothesis that normal lens growth is regulated by
PDGF signaling is also supported by observations in E13 the transgenic lenses. The cells that cover the anterior surface
exhibit characteristics of both epithelial cells and differentiat-Patch (Ph) homozygote mutant embryos. The Patch muta-
tion includes a deletion of the PDGF-aR gene and is reces- ing ®ber cells. A second set of cells becomes detached from
the lens capsule to form a subepithelial population of cells.sive lethal by E13 (Stephenson et al., 1991). Lenticular de-
fects are observed in the Ph/Ph mutant mice (Schatteman These cells exit from the cell cycle, do not express PDGF-aR,
and express b-crystallins. However, the cells do not elongateet al., 1992). The lenses of E13 Ph/Ph embryos contain fewer
primary ®ber cells than normal and the lumen of the lens like normal ®ber cells and they begin to degenerate by 2 weeks
after birth. The ®ber cells in transgenic lenses also developvesicle is not completely ®lled by the primary ®ber cells.
These results imply that PDGF signaling may play an essen- abnormally as shown by defects in denucleation and by vacuo-
lization at later stages. Since PDGF-aR is not present in lenstial role in the early stages of lens growth and development.
The question of whether the lens defects in the Ph/Ph mu- ®ber cells, the defects in the ®ber cells are unlikely to be due
to direct effects of PDGF-A. The subepithelial cells may blocktant embryos are caused by insuf®cient cell proliferation in
the lens placode or later stages of lens development still interactions between epithelium and ®ber cells which are crit-
ical for normal ®ber cell maturation and/or maintenance.needs to be investigated.
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FIG. 8. Expression of cyclin D2 mRNA. P7 lenses of pigmented nontransgenic (A,B) and transgenic (C,D) mice were hybridized to a
mouse cyclin D2 probe. In nontransgenic mice cyclin D2 is expressed at high levels in the cells at the lens equator (B, open arrow). In
transgenic lenses cyclin D2 expression is found uniformly along the entire surface epithelium (D, open arrows). The signal in the iris in
both nontransgenic and transgenic eyes is due to the presence of pigmented cells. Scale bars, 100 mm.
It is surprising that overexpression of PDGF-A can stimu- activation (Traverse et al., 1994). Transient stimulation and
cytoplasmic localization of MAP kinase results in cell pro-late aspects of both proliferation and differentiation simul-
taneously in lens epithelial cells. One possibility for this is liferation while sustained stimulation and nuclear translo-
cation of MAP kinase induces differentiation in PC12 cellsthat excessive stimulation of PDGF-aR in lens epithelial
cells not only enhances proliferation but also induces the (Traverse et al., 1994). By analogy, the elevated levels of
PDGF in the transgenic eyes stimulate the initial stagesinitial differentiation pathways. This might be analogous to
growth factor stimulation of PC12 cells where differential of ®ber cell differentiation. Alternatively, stimulation of
PDGF-aR in the lens epithelial cells or other ocular cellresponses re¯ect the extent and duration of MAP kinase
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